The 1167 published cooling unit (CU) palaeointensity estimates contained in the 400-10 Ma portion of the PINT global database were rigorously filtered according to accurate age determinations, palaeodirectional reliability, recognition of polarity and the method of palaeointensity acquisition. The remaining 865 estimates (group 1) were further filtered to ensure self-consistency, reducing the data set to 425 estimates (group 2). Group 1 and 2 data were clustered into temporally and/or spatially distinct rock suites (RS) enabling each part of the record to be assessed for potential biasing by overrepresentation of palaeosecular variation (PSV). The record was segmented according to the distribution of the data, rather than using arbitrary time windows, to ensure quasi-consistent behaviour within each segment. Differences between these segments clearly indicate that a significant long-timescale (10 7 and 10 8 yr) variation of the mean geomagnetic poloidal field intensity (GPFI) occurred during the 400-10 Ma period and hence that changing lowermost mantle conditions affect the capacity of the geodynamo to generate a poloidal field. Both the mean dipole moment and its standard deviation appear to be a function of the range of values each CU may adopt at one particular time. This range is itself controlled by the variation of the maximum limit of dipole moment, while the value of the minimum limit remains relatively constant. Tentative support is provided for the recent suggestion that PSV may have been reduced during the Cretaceous normal superchron (CNS), though more data are needed in the range 120-60 Ma to confirm this. No conclusive evidence was found to support the suggestion that the GPFI record may be biased towards low or high values by palaeointensity determinations obtained using methods that do not adopt pTRM checks. Indeed, offsets caused by unreliable data in well-represented parts of the record are likely to be random and cancel one another out.
I N T R O D U C T I O N
The Earth's magnetic field is a complex vector quantity for which both the magnitude (represented by geomagnetic palaeointensity, a measure of the poloidal component of the field strength) and the direction (represented by the geomagnetic polarity) vary over long (>10 4 yr) and short (<10 4 yr) timescales. Short-term variations result from geodynamo processes operating within the core (Dormy et al. 2000) , whereas longer-term variations are believed to reflect the influence of lowermost mantle (LMM) processes on the geodynamo (McFadden & Merrill 1995) . Therefore, links between longterm variations and mantle dynamic processes such as the formation of large igneous provinces (LIPs) and the variation in true polar wander (TPW) have been suggested (see Section 2). Previous attempts to evaluate these proposed links have concentrated on changes in geomagnetic polarity through geological time but have not rigorously considered palaeointensity variations. A major reason for this has been the availability of a detailed polarity record for much of the last 600 Myr (e.g. Johnson et al. 1995) , coupled with a palaeointensity record that exhibits significant data paucity within critical time windows over the same period (e.g. Perrin & Shcherbakov 1997) . The net result is that long-term trends in polarity have been identified, whereas the palaeointensity record has not, until recently, been comprehensive enough to enable any trends contained within it to be unequivocally identified. Nevertheless, the palaeointensity is fundamentally and intuitively linked with geodynamic processes. It is widely accepted that palaeointensity is related to the vigour of convection in the outer core (e.g. Buffet 2000) and, therefore, to the total heat flux out of the core across the core-mantle boundary (CMB; Buffet et al. 1996) . This, in turn, is related to the temperature difference between the LMM and the outer core which is, itself, controlled by convection-induced cooling of the LMM resulting from the introduction of subducted, cool oceanic crust into the lower mantle following intense plate tectonic activity. Consequently, determination and interpretation of variations in palaeointensity (also termed geomagnetic poloidal field intensity, GPFI) through geological time should have a crucial bearing on our understanding of geodynamo behaviour and the geodynamic evolution of the Earth.
The present study aims to contribute to this understanding by conducting a rigorous statistical analysis of an enhanced global palaeointensity (PINT) database in order to identify any long-term trends in the data and to evaluate observations made by previous studies of the published database. A model is proposed to interpret the features documented in the record within the context of global-scale geodynamic processes, taking into account evidence from other geoscientific studies such as seismic imaging of the mantle, mantle dynamics and tectonic observations.
R E L AT I O N S H I P B E T W E E N G E O M A G N E T I C VA R I A B L E S A N D G E O D Y N A M I C P RO C E S S E S

Long-term variations in the direction (polarity) of the geomagnetic field
A fundamental feature of the geomagnetic field is its ability to reverse polarity. The record of polarity reversals is very well documented back to 160 Ma (e.g. Cande & Kent 1995) and quasicontinuous back to 330 Ma (Opdyke & Channell 1996) , beyond which the record becomes more ambiguous. However, Johnson et al. (1995) produced a record of reversal frequency with time showing that, over the past 600 Myr, the reversal frequency is clearly nonstationary. There are two well-defined periods (320-260 Ma: the Permo-Carboniferous reverse superchron, PCRS and 120-80 Ma: the Cretaceous normal superchron, CNS) when the reversal process ceases. During these superchrons the geodynamo processes accounting for the occurrence of reversals are clearly suppressed. McFadden & Merrill (1997) reported that the reversal frequency was asymmetric about the CNS, with the fall prior to the onset of the superchron being steeper than the recovery after its termination. They interpreted this as indicating that the geodynamo lost energy at a faster rate before a superchron than it regained energy after one. The reversal frequency increased sharply after the end of the PCRS and continued to rise gradually through the Triassic but data leading into the PCRS are too sparse to establish, for certain, the nature of the decrease in reversal frequency. There is a suggestion that a third superchron, the Ordovician reverse superchron (OrRS), existed between approximately 500 and 460 Ma (Johnson et al. 1995) . However, insufficient data coverage in comparison with the other two superchrons has meant that this feature has yet to be confirmed and, indeed, some sources (e.g. Torsvik et al. 1995) believe that inadequate sampling of both polarities produces a reverse polarity bias in this age range creating a 'ghost' superchron.
The overturn time of the core is ∼500 yr and the longest timescale operating in the core is ∼5000 yr (Gubbins 1999) . Therefore, it is clear that changes in the core cannot be responsible for the The relevance of mantle plumes to the whole issue is unclear. There is some doubt concerning the extent to which plumes generated at D could influence a dominantly subduction-driven convecting regime (Griffiths & Turner 1998; Anderson 1994; Anderson 1998; Heller et al. 1996; Sheth 1999; Dalziel et al. 2000) . Courtillot et al. (1999) recently proposed that a combination of 'active' (plumerelated) and 'passive' (lithospheric weakness-related) rifting to link the formation of flood basalts and continental fragmentation but, in all cases, a plume is a pre-requisite for breakup. Loper (1992) suggested that the response time of CMB heat flux to the emission of a plume would be comparable to the age of the Earth. Consequently, such processes could not be responsible for the observed variations in the reversal record. Prévot et al. (2000) also analysed the link between reversal frequency and TPW. They noted a peak in TPW at ∼ 110 Ma, which is coincident with increased volcanism and suppressing of the reversal frequency. They interpreted this as being a signal of a major mantle reorganization in the Early Cretaceous where avalanching of material through the 660 km layer marked the cessation of layered convection that existed prior to, and after, the '110 Ma event'. However, regard the '110 Ma event' to be an artefact of Atlantic hotspot activity. In their view, the mantle reorganization event was not rapid enough to drive TPW. A recent study by Torsvik et al. (2001) provided some support for the Prévot et al. (2000) model (see Section 7 for further discussion).
One of the more compelling pieces of evidence linking reversal frequency with lithospheric processes comes from the wavelet analysis of the reversal record by Ricou & Gibert (1997) . They show that each of the ten discrete discontinuities in the reversal record over the past 160 Myr corresponds to the formation or abandonment of a major MOR, with a time delay of only 3 Myr. This close correlation can only be explained by direct coupling between the CMB and the lithosphere. They suggest that lateral changes in mass distribution at the surface (through plate reorganization) are mirrored by similar changes in mass distribution on the CMB, though they did not discuss potential mechanisms. This remains one of the only lines of evidence linking the core with the crust without requiring the long-timescale transfer through the whole mantle. Buffet (2000) noted that the vigour of core convection, and therefore the strength of the geodynamo, is influenced by the heat flow across the CMB. However, the paucity of the palaeointensity record and our consequent inability to identify long-term trends with any significant confidence has precluded, until now, any rigorous analysis of the relationship between observed palaeointensity and geodynamic processes. Nevertheless, within the context of evaluating links between the existence of superchrons and mantle plume activity, Loper & McCartney (1986) and Larson & Olson (1991) suggested that production of mantle plumes thins D and increases the heat flux across the CMB, thereby increasing the energy supplied to the geodynamo and, consequently, strengthening the geomagnetic field. They disagree, however, on the relationship between palaeointensity and reversal frequency. Loper & McCartney (1986) suggest that the field intensity should be low during superchrons, whereas Larson & Olson (1991) favour high field strength during periods of constant polarity. Others (e.g. Prévot et al. 1990; Thomas et al. 1998 Thomas et al. , 2000 suggest no simple relationship between these geomagnetic features and favour the decoupling of processes controlling reversal frequency and palaeointensity. If true, this would provide an important constraint on attempts to model geodynamo behaviour (see Section 5.2 for further discussion). Despite the lack of agreement, it is accepted that any long-term changes in the geomagnetic field intensity record are clearly linked to lowermost mantle processes and, by logical extension of this argument, to a chain of geodynamic events. The present study proposes a model (Section 6.1) where this chain originates with mass redistribution at Earth's surface and culminates in changes in the pattern of outer core convection.
Relationship between palaeointensity and geodynamic processes
T H E G L O B A L PA L A E O I N T E N S I T Y R E C O R D
Introduction
Absolute estimates of the geomagnetic poloidal field intensity are derived, experimentally, from the thermoremanent magnetization (TRM) acquired by rocks as they cool down through the Curie temperatures of their constituent magnetic minerals. The (palaeo)intensity of the TRM is, ideally, directly proportional to that of the ambient field at the time of rock cooling. A palaeointensity result is then used in conjunction with a palaeomagnetic inclination to calculate a virtual dipole moment (VDM; Smith 1967), allowing a direct comparison of results from different localities. In practice, palaeointensity determination is often hindered by thermal alteration of samples during successive heating that either significantly reduces the success rate of experiments, or introduces an element of doubt into seemingly successful determinations. Significant advances in palaeointensity methodology (techniques and sample selection) since the original Thellier technique was first introduced (Thellier & Thellier 1959) have progressively increased our ability to recover palaeointensity results from ancient rocks and have enhanced confidence in the results obtained (Coe 1967; Coe et al.1978; Prévot et al.1985; Pick & Tauxe 1993; Thomas 1993; Juárez et al.1998) . So-called pTRM checks can now monitor thermal alteration during progressive heating and isolate usable temperature ranges, over which the sample is not adversely affected, allowing palaeointensities to be determined. The most recent technology utilizes microwaves to directly excite magnons within the magnetic material of a sample (Walton et al. 1992 (Walton et al. , 1993 (Walton et al. , 1996 so that, in microwave Thellier experiments, the sample is heated to much lower temperatures than it would be in a conventional oven. This significantly reduces sample alteration and has been demonstrated to yield success rates equivalent to, or better than, conventional Thellier analyses on historic and ancient igneous rocks (Hill & Shaw 1999 Hill et al. 2002) . The most impressive indication of the potential of the new microwave Thellier technique to date recorded a 58 per cent success rate from sister samples of Tertiary basaltic material that yielded no conventional Thellier results (Hill et al. 2002) .
These advances have facilitated the successful determination of palaeointensities from rocks dating back to 3.5 Ga. As a result, the global palaeointensity (PINT) database, originally compiled by Tanaka et al. (1995) , has grown rapidly leading to subsequent updates by Perrin & Shcherbakov (1997) and Perrin et al. (1998) .
Previous statistical analyses
Previous statistical analyses of the entire record, or large parts of it Perrin & Shcherbakov 1997; Selkin & Tauxe 2000) yielded the following observations.
(1) At present, the VDM data set does not clearly display any overall trend with time since 3.5 Ga .
(2) Much of the Mesozoic is characterized by persistently low dipole moment values (∼30 per cent of present-day values). This so-called Mesozoic dipole low (MDL) was first reported by Prévot et al. (1990) and has subsequently been confirmed by numerous studies. Its boundaries and the nature of transition between the MDL and the present dipole state are, as yet, unclear (e.g. Thomas et al. 1998 Thomas et al. , 2000 . Perrin & Shcherbakov (1997) demonstrated that the dipole structure of the field was maintained through this period and that the MDL is unlikely to be an artefact of insufficient sampling of a Neogene-type field.
(3) Secular variation (SV) of the field is much greater for the period 10-0 Ma than for 10-0 Kyr , suggesting that most dipole field fluctuations occur over a period of ≥10 4 yr. Perrin & Shcherbakov (1997) showed that 10 Myr averages of the field for the last 300 Myr illustrated a direct relationship between the mean VDM and its standard deviation.
(4) Selkin & Tauxe (2000) performed the most recent analysis of the global dipole moment record prior to this study. They only accepted estimates that were produced using the Thellier method with pTRM checks (T+ results). They concluded that there was no long-term dipole moment variation between 0.3 and 300 Myr and that a mean value of ∼5 × 10 22 A m 2 was maintained.
A NA LYS I S U S E D I N T H I S S T U DY
Data selection and overview
The initial data set used in this study comprises the PINT database described by Tanaka et al. (1995) , Perrin & Shcherbakov (1997) and Perrin et al. (1998) enhanced at the time of submission using a reference list kindly provided by Mireille Perrin. The pooled set contained nearly 2600 cooling unit (CU) palaeointensity estimates but the following filtering steps were applied to allow the study to focus on analysing trends of 10 7 -10 8 yr and to remove unreliable and unusable data.
(1) An age between 10 and 400 Myr, either of radiometric or stratigraphic origin must be specified. The period 10-0 Ma contains 29 per cent of the PINT data, is heavily skewed towards the 5-0 Ma age range and been rigorously studied by . Therefore, it was decided that these data would be omitted. Conversely, data from rocks older than 400 Myr are very scarce and sufficiently widely distributed to render an analysis, even of 10 8 yr trends, untenable and are therefore omitted.
(2) A VDM or VADM must be calculated from either the inclination of the magnetization or inferred from palaeolatitude. This allows palaeointensity results from different locations on the globe to be compared directly.
(3) The polarity of magnetization must not be specified as transitional. The strength of the poloidal field is believed to fall substantially for several thousand years during a geomagnetic polarity transition (e.g. Prévot et al. 1985) which is not a facet of the longterm variation under investigation.
(4) The method of palaeointensity acquisition must be either modified Thellier or Shaw or a combination using one or both of these methods. The Thellier method is widely regarded as the most reliable method of estimating palaeointensity (Prévot et al. 1990; Prévot & Perrin 1992) . The modified Shaw method (Shaw 1974; Rolph & Shaw 1985) , although lacking support from some workers and prone to producing estimates with large scatter, has been shown in practice to give similar results to the Thellier method (e.g. Thomas 1992 ). Data acquired using this method were also considered acceptable in the analysis performed by .
Following the application of the four-stage filter outlined above, 865 CU estimates remained on which to perform the analysis. This set (referred to as group 1 hereafter) contained no data known to be unreliable or inappropriate. Self-consistency is an important quality for site averages to display: a CU is generally produced from sample estimates close to one another in a rock unit and therefore should not be subject to variation of geomagnetic origin. Consequently, CU data within group 1 produced by averaging three or more individual estimates and with a corresponding standard deviation of 10 per cent or less were elevated to group 2 status. A total of 425 CU data satisfied these criteria.
Virtually all recent absolute palaeointensity studies have used the modified Thellier method with sliding pTRM checks (Coe 1967; Prévot et al. 1985) . The pTRM checks provide a method of monitoring an alteration that would not reveal itself in changes of the slope of the NRM-TRM plot. Because of the safeguard provided by these checks, those group 2 CU data that were acquired using this method (the so-called T+ estimates) were further elevated to group 3 status. The 47 CU estimates in the group 3 subset (amounting to 16:22 Geophysical Journal International gji1849 396 A. J. Biggin and D. N. Thomas only ∼5 per cent of the group 1 data and ∼ 11 per cent of the group 2 data set) therefore represent the most reliable available data, according to conventional wisdom. However, a few caveats apply and such estimates should not be considered as perfectly reliable. Although laboratory-induced alteration is largely protected against in T+ estimates, other problems that affect palaeointensity accuracy are not. First, samples retaining a remanence that is not thermal in origin can produce seemingly reliable but low palaeointensity estimates (Goguitchaichvili et al. 1999 ) when this method is used. Secondly, pTRM checks will be shown by Biggin & Thomas (2002, submitted) to offer no protection against concave-up NRM-TRM plots that are sometimes produced by samples with pseudo-single-domain bulk hysteresis properties. The effect of the latter phenomenon is usually to produce an incorrect, high-palaeointensity estimate (for examples, see Calvo et al. 2002) . Overrepresentation of palaeosecular variation (PSV) is a potential problem for statistical analysis of the palaeointensity record. To allow the extent of this problem to be assessed, all CU data were grouped into temporally and/or spatially distinct units termed rock suites (RS). Each of these incorporates all estimates acquired within ±5
• latitude and longitude of one another at times less than 5 Myr apart and with uncertainties in the age determination allowing them to have been magnetized synchronously. These limits are wholly arbitrary but do ensure that each RS is a spatially and/or temporally distinct estimate of GPFI. The full CU and RS data sets for all three groups, together with their source references are available on-line at http://www.kingston.ac.uk/esg/geophysics.
This study attempts to overcome the problems associated with PSV by developing the concept of rock suites so that potentially problematic time periods in the record can be identified. This technique is very different from that used recently by who only accepted groups of estimates that together comprise a palaeomagnetic dipole moment (PDM) with associated palaeodirectional data suggesting that the secular variation is averaged. Our technique is justified on practical grounds: very few published palaeointensity studies claim to produce a PDM and therefore the approach adopted by requires that a large quantity of otherwise reliable estimates is discarded. This would render an analysis of the type used in the present study untenable. The technique used here allows an assessment of potential risks without losing a considerable amount of information. Table 1 indicates that the means of the groups 1 and 3 data sets are similar, whereas that of group 2 is somewhat higher. Fig. 1 provides an insight into the reason for this: a clear bimodality is evident in the distribution of group 2 data with a secondary peak at approximately 10 × 10 22 A m 2 , which is suppressed in both the groups 1 and 3 distributions. Perrin & Shcherbakov (1997) observed a bimodal distribution for their selected data set and remarked that a non-monotonic variation in intensity is not atypical of a highly nonlinear system such as the geodynamo. However, we noted that a significant proportion (36 per cent) of our group 2 subset of CU estimates comprised data from just three large rock suites (RS numbers 74, 81 and 90 in the on-line list) all derived from Russia and Uzbekistan with ages just prior to or during the Permo-Carboniferous reverse superchron. When these estimates, which have generally high values, are removed from group 2, this secondary peak in the distribution disappears (Fig. 1d) . Therefore, the likely explanation for the bimodality is an overrepresentation of a particular period of GPFI behaviour.
The underlying distributions of all three groups are closer to lognormal than Gaussian. This has been reported previously for populations of palaeointensity data (McFadden & McElhinny 1982; , although a gamma distribution has been argued to produce a better fit (Constable et al. 1998) . Unfortunately, the highly variable age distribution of the CU estimates (Fig. 2) precludes any meaningful analyses to ascertain the underlying distributions of entire group populations in this study.
The oldest CU estimates from group 3 are dated at 301 Myr. The other two groups were truncated above this age and have cumulative distribution functions (CDFs) of their ages and dipole moments plotted together with those of group 3 in Fig. 3 . The CDFs for the three ages (Fig. 3a) differ from one another significantly but, surprisingly, the CDFs of the VDM distribution ( Fig. 3b) for each are remarkably similar. The non-parametric Kolmogorov-Smirnov test, as used and described by Selkin & Tauxe (2000) , was used here to compare the VDM distributions of the group 1 and 3 populations as these had the closest age distributions. The test could not rule out the null hypothesis that the two populations were samples of the same distribution at the 95 per cent confidence level. Fig. 4 shows plots of CU estimates and rock suites from all three groups through time. Those of group 1 and 2 data share some qualitative similarities as listed below.
(1) Large temporal gaps exist in many parts of the record but these become more frequent and extensive in older parts.
(2) Between the Middle Carboniferous and the end of the Permian (325-245 Ma), the CU data are controlled by fewer, larger rock suites than are present in other time periods. Throughout this time, the mean dipole moment appeared to decrease in an almost linear fashion.
(3) For most parts of the record, the variation in the highest values of both CU and RS data is much greater than the variation in the lowest values over periods of 10 7 -10 8 yr.
(4) From the Middle Jurassic to the Early Cretaceous (∼170-120 Ma) there is an absence of high (>8 × 10 22 A m 2 ) CU estimates and a concentration of low (<5 × 10 22 A m 2 ) values. The average value appears to rise from this period to some maximum between 50 and 10 Ma.
(5) Throughout the Devonian and Early Carboniferous, the dipole moment appeared to remain low.
Unfortunately, the distribution of group 3 data through time as shown in Fig. 4 (c) is insufficient to allow any general observations to be made. There are real dangers of aliasing and overrepresentation of PSV as demonstrated by the limited coverage of CU and RS data, respectively. Consequently, the statistical analysis from hereon will focus on the group 1 and 2 data sets. However, some analysis of group 3 data will be given in Section 4.4.
Most of the observations given above have been noted in previous studies (see Section 3.1). The intention of the first part of this study is to assess the validity of the observations and clarify the work needed to improve our confidence in them. 
Segments within the record
In order to assess long-term temporal variation in GPFI, the dipole moment records were segmented. Instead of the usual practice of applying an arbitrary window (e.g. 10 Myr), it was decided that the boundaries of the segments should be prescribed by the distribution of the data themselves so that there was quasi-consistent behaviour within each segment. Fig. 4 suggests that mean dipole moment values have risen since the Middle Jurassic (during the period 172-10 Ma, as defined by group 1 data). This was confirmed by the application of a simple regression to the CU data in this period that rejected the null hypothesis of a zero slope (i.e. a random distribution through time) with greater than 99 per cent confidence for both group 1 and 2 data.
Analysis of variance (ANOVA) is an effective means of assessing the difference between random samples taken from different populations by comparing the variance within and between each population. To determine whether the progression of GPFI was continuous or punctuated, the probability of rejecting the null hypothesis provided by the regression (i.e. the likelihood of gradual change) was compared with the probabilities calculated using the ANOVA technique (i.e. the likelihood of punctuated change) on a range of iterated segments. This was achieved first by imposing only one segment partition on the 172-10 Ma series and performing ANOVA (with a null hypothesis of equal population means in each segment) iteratively as the partition was shifted through time. Subsequently, the two most significant segments were analysed separately and further partitions could be introduced. Partitioning was halted when a smooth change was preferred to a definite transition within a segment or no change was evident.
The optimum configuration of the partitions through the entire period was observed to be very similar prior to the Tertiary for both group 1 and 2 data sets and a significant improvement on the single regression model was evident in both cases. Each data set had four partitions ( Fig. 5 ) and the ages of two of these (the Late Jurassic and Early Cretaceous) were common to both data sets. The two other partitions for group 1 were located in the Early Miocene and Late Eocene (Fig. 5a ), while those for group 2 were in the Mid-Late Eocene and the Late Palaeocene-Early Eocene (Fig. 5b Some basic statistical parameters for each of the segments are shown in Tables 2 and 3 . Segment 3 in particular suffers from a paucity of estimates in its interior so that the regression line within it tends to be 'anchored' to data concentrated at its margins (Fig. 5) . Nevertheless, the slopes of these for both group 1 and 2 data in the two later segments are equal to or less than ± 0.01 × 10 22 A m 2 Myr −1 and therefore the null hypothesis of no variation could not be rejected at any reasonable confidence level. This suggests that there was little overall evolution of the mean dipole moment through this period of time.
The other segments shown in Fig. 5 do not have sufficient temporal coverage to allow a discussion of their internal behaviour. It is stressed that neither the group 1 nor group 2 model outlined above, and illustrated in Figs 5 and 7 and Tables 2 and 3 , is intended as a final interpretation of GPFI since the Middle Jurassic. Large gaps in the record still exist and the calculated positions of the partitions are particularly sensitive to CU data close to them. However, the main objective of the ANOVA analysis was to allow this part of the record to be segmented meaningfully and this was achieved.
Segmentation of the rest of the record in the same manner was not undertaken because large temporal breaks and the limited number of rock suites (evident by the dominance of vertical strips of data in the CU records) meant that the sampling distribution itself would have generated the partitions. Instead, the partitions were introduced by eye with the objective of generating segments within which behaviour was quasi-consistent ( Fig. 6 and Tables 2 and 3 ).
The data from the generated segments ( Fig. 7) clearly display trends in mean dipole moment for both groups of data. However, the segments from before the Middle Jurassic can be treated with less confidence because of the generally lower number of rock suites per segment (Tables 2 and 3 ) and the larger gaps between them (Figs 5 and 6). The trends are broadly similar for both group 1 and 2 data sets, with the only noteworthy differences occurring after 50 Ma when group 1 exhibits a rise, whereas group 2 shows the opposite. Segment number 9 (301-290 Ma) in Fig. 7 (b) can all but be ignored because it is comprised of only two CU data.
The standard deviation, shown as error bars in Fig. 7 , supports the idea that it is the variation in the upper limit of the range of values the dipole moment can adopt in a period of time that controls the mean value. The lower limit appears to remain fairly constant regardless of the mean. Two obvious corollaries of this are that it is the variation of the highest values that dominantly control the mean and that the magnitude of shorter-term (<10 7 yr) variation is proportional to the mean value. The exceptions to this rule are segment number 11 (325-310 Ma) for both groups of data and segment number 2 (49.5-46.5 Ma) for group 2 only. Both these segments have high means but low standard deviations. However, this could be because they are both comprised of only two rock suites and the very short age range of segment 2 from group 2 should also be noted. Obviously more high-quality, spatially distributed data are required before the unusual behaviour of these two segments can be verified as true features of GPFI variation. 20 random samples of group 2 CU estimates were taken from nine of the segments, in order to normalize Nso that their mean dipole moment and associated standard deviation could be compared with those of segment number 4 (143.5-123 Ma). This was undertaken in order to investigate the suspicion that the relationship between the mean and standard deviation is a consequence of the number of data comprising the mean. These are plotted in Fig. 8 and it is immediately obvious that, while segment numbers 2 and 10 are significant outliers, there is otherwise a clear tendency for the standard deviation of a segment to increase with its mean. Although the number of cooling units (N CU ) has been normalized for all the segments, there could still be a suspicion of statistical biasing if the standard deviation was proportional to the number of rock suites, N RS (or the ratio N RS /N CU ) within the segment. However, Table 3 shows that this is clearly not the case.
The means of the 20 mean and standard deviation values taken from each of the eight non-outlying segments are also plotted in Fig. 8 . A regression applied to these rejects the null hypothesis of no relationship at the 99 per cent confidence limit and produces the best-fitting line shown. However, this quasi-linear relationship definitely does not go to the origin, but rather intercepts the mean dipole moment axis at approximately 1.5 × 10 22 A m 2 . Significantly, this means that the ratio of the standard deviation to the mean value will be lower for low values of mean dipole moment than for high 16:22 Geophysical Journal International gji1849 values. Therefore, this ratio should not be used to compare the extent of dipole moment variation in different periods. Selkin & Tauxe (2000) performed the most recent analysis of the global dipole moment record prior to this study using only estimates that were produced using the Thellier method with pTRM checks (T+). As stressed earlier, the use of pTRM checks does not guarantee reliability and, in the present study, internal consistency was also judged to be an important indicator of reliability. Hence, here for group 2 and 3 CU estimates, it was a requirement that, for each estimate, the standard deviation should not be more than 10 per cent of the mean. This is stricter than in Selkin & Tauxe (2000) where 25 per cent was chosen as the upper limit. Additionally, it should be noted that Selkin & Tauxe (2000) do not state that they rejected estimates comprised of only two determinations as we do, only that their criterion applies when estimates are derived from more than one determination. The most relevant conclusion of Selkin & Tauxe (2000) to the present study was that average GPFI has remained constant in the period 300-0.3 Ma. This conclusion is clearly in disagreement with the findings of the present study based on the group 1 and 2 data sets and this warrants some investigation. First, it is necessary to establish whether their conclusion remains valid when the updated database used in this study was analysed in the same way. From our group 1 data set, we used the same filtering steps as Selkin & Tauxe (2000) and applied a regression to the 158 CU estimates that remained (Fig. 9 ). An increasing trend through the 301-10 Ma period was observed to be significant at the 90 per cent (though not the 95 per cent) confidence level. Although the same time period is not characterized by a single trend in the group 1 or 2 data sets of the present study (Figs 5a and b), such a result is not consistent with the Selkin & Tauxe (2000) conclusion that there has been no change in mean dipole moment during that period. A further conclusion of Selkin & Tauxe (2000) was that any data set that contains a quantity of palaeointensity estimates not acquired using the T+ method is likely to be biased by such data. They reached this conclusion by comparing the CDFs of their data set with the unfiltered PINT97 database over the period 5-0 Ma and observing that they were significantly different. If such a conclusion were true then that could perhaps explain why the present study observed a variation in mean dipole moment over timescales of 10 7 -10 8 Myr, while Selkin & Tauxe (2000) did not. In fact, this argument was partially addressed earlier when it was shown that the distributions of CU data in the group 1, 2 and 3 data sets were not significantly different from one another despite the discrepancy in perceived reliability between the average CU datum from each. This suggests that the presence of data not acquired using the T+ method, or even with poor self-consistency, does not impart a bias to the record. For completeness, the CDF of group 1 data was also compared with the CDF produced by the data filtered according to the criteria of Selkin and Tauxe (Fig. 3c) . Once again, no significant difference was observed.
Analysis of long-term variations in GPFI 399
Reliability of the record
A further means of testing the possibility of biasing by unreliable data is to examine the quantity of potentially unreliable data in different parts of the record so that any systematic offsets can be recognized. To achieve this, the percentage of estimates in each segment obtained using methods other than T+ (Tables 2 and 3) was noted and plotted against the mean VDM of the segment (Fig. 10) . No real relationship was observed for the group 1 data but some group 2 segments were observed to plot on a straight line with a negative slope (Fig. 10b) . This relationship suggests that non-T+ data may indeed bias the mean towards low values and it is crucial to investigate this suggestion.
Four of the segments plotted in Fig. 10 (b) comprised purely non-T+ data and these had a very wide range of associated mean dipole moment values, which is itself a strong argument against a single biasing agent. Segments 8 and 9 plotted well away from the trend line and will also not be considered here. The distributions for each of the other segments were independently subjected to ANOVA to determine whether there were any differences in the means of the T+ and non-T+ data comprising each of them. The results were sharply dichotomous: ANOVA rejected the null hypothesis of equal means for the groups within segments 1 and 4 at the 99 per cent significance level, whereas the same analysis of segments 3, 6 and 7 gave P values of greater than 0.9. The former result suggests that non-T+ and T+ data were behaving differently in these segments and consequently that these segments should be treated with caution. However, it should also be noted that there are only two T+ CU data, comprising one RS, in segment 4 and we cannot rule out coincidence as the reason for these having higher values.
Conversely, the results for segments 3, 6 and 7 strongly suggest that the means of these are unaffected by the relative proportions of Table 2 . Statistical description of individual segments defined in the text from the group 1 data set. µ age and σ age are the means and standard deviations of the age distribution for each segment. µ VDM and σ VDM are the overall means and standard deviations of the dipole moment distribution for each segment. in units of 10 22 A m 2 . N CU and N RS refer to the number of cooling unit estimates and the number of rock suite groups, respectively, in each segment and N RS /N CU is the ratio of these. Non-T+ gives the proportion of CU estimates in each segment that were not derived using the modified Thellier method with pTRM checks.
Segment
Age range T+ and non-T+ data and that their positions on the trend line are purely coincidental. Therefore, there is no conclusive evidence to suggest that palaeointensity estimates produced using methods other than T+ have the potential to bias portions of the record towards low (or high) values. Such biasing, if it exists, may lead to difficulties in the interpretation of the earlier parts of the considered record where T+ data are very sparse or non-existent (Tables 2 and 3 ). Despite this, it is contested that nothing is gained by outright dismissal of non-T+ data at this stage. In fact, analysis and interpretation of such 98 (13) 95 (16) 247 (20) 47 (8) 35 (5) 51 (6) 44 (3) 95 (4) 19 (3) 89 (2) 44 ( 75 (9) 19 (2) 42 (8) 18 (3) 20 (6) 33 (4) 30 (3) 74 (4) 2 (1) 83 (2) 29 ( data will stimulate further research aimed at evaluating the reported observations.
Analysis of the group 3 data set
The group 3 data set was not partitioned in the same manner as groups 1 and 2 because of the low temporal density of CU data that comprise it. Nevertheless, it is perceived to contain the most reliable data points in the record and therefore some examination of its distribution through time is worthwhile. However, it must be noted that, whilst its dipole moment distribution is indistinguishable from the other groups, it does not exhibit the same trends through time, suggesting that aliasing effects may be present. Fig. 4 (c) suggests that there may have been an increasing trend of dipole moment through the time covered by the data. Nevertheless, the paucity of data prevents a regression being significant at any reasonable confidence level and this is still the case when the oldest data are omitted to exaggerate the trend. The regression analysis is based on the assumption that the response of each point (dipole moment in this case) is directly related to the value of the predictor (age) and so for a sparse data set such as this, secular variation acts to limit its effectiveness. Consequently, a different approach was adopted. The data set was partitioned at its temporal mid-point (150 Ma) and the two segments were compared using ANOVA. The result, as expected, rejected the null hypothesis of equal means at the 90 per cent confidence level, supporting the notion of long-term evolution of the dipole moment.
The only trend discernible (at the 95 per cent confidence limit) by regression analysis within the group 3 record is a decrease between 114.5 and 10 Ma. However, it is clear from the arrow in Fig. 4 (c) that this is due almost entirely to four CU data with high dipole moments drawn from a single RS with an age of 114.5 Ma. This RS is evident as an outlier on the plot of group 3 data and, in fact, exerts a huge influence over both group 3 and 2 data. Such controlling factors will be discussed in the next section.
D I S C U S S I O N O F T H E S TAT I S T I C A L A N A LY S I S
The analysis described above represents the most rigorous study of long-term dipole moment variation performed to date. The fact that, after over half a century of research in the field, such an analysis can still be described as exploratory is indicative of the enormous difficulties associated with palaeointensity determination.
A primary aim of this study was to highlight areas of the record where data coverage was poor in terms of quality and/or quantity. Tables 2 and 3 provide a reference frame that can be used to target future palaeointensity studies to time periods when they would be most useful. Periods where data are few or absent are an obvious priority but the ratios of N RS /N CU and the proportion of non-T+ data, given for each segment, will also be useful in showing where new, high-quality data are most required. Features of the model presented in Section 6 will provide some additional impetus for such studies. Fig. 7 shows unambiguously that the mean of dipole moment measurements in the group 1 and 2 data sets has varied on timescales of 10 7 and 10 8 yr. The analysis of the group 3 data performed in the previous section also strongly suggests a different distribution of data either side of an arbitrarily imposed division. Therefore, in contrast to Selkin & Tauxe (2000) , it is evident that GPFI has varied over tens and hundreds of million years since at least the Carboniferous. Such long-term variation in geodynamo behaviour is very probably caused by changing conditions (most likely temperature and, to a lesser degree, thermal conductivity) in the lowermost mantle altering the boundary conditions at the CMB (Gubbins 1994; McFadden & Merrill 1995) . Fig. 8 indicates that there is a clear tendency for the mean and standard deviation of the dipole moment measurements in segments derived from the data to increase together regardless of the number of estimates or RSs within each segment (cf. Perrin & Shcherbakov 1997) . Although the group 3 data set does not contain sufficient data to perform a similar analysis, the distribution of data in Fig. 4(c) suggests, qualitatively, that a similar pattern exists. Therefore, it can be stated with some confidence that when the mean GPFI is high, secular variation normally ensures that the lower limit of the possible GPFI range is very similar to that when the mean GPFI is low. Support for this concept also comes from analyses of relative palaeointensity variation through the Oligocene performed by Tauxe & Hartl (1997) and Constable et al. (1998) who concluded that the variability in measurements was proportional to the mean through the record. However, it is important to note that this relationship, approximated by the regression line shown in Fig. 8 , does not intercept the origin as previously proposed (Perrin & Shcherbakov 1997) but cuts the x-axis at approximately 1.5 × 10 22 A m 2 .
Issues of reliability
Definite conclusions concerning the actual variations in GPFI through the time period studied are harder to generate and depend, to a degree, on the data set selected. This choice itself is a compromise depending on whether the 'safety in numbers' or 'safety in perceived quality' approach is preferred. In recent publications (e.g. Selkin & Tauxe 2000; ) the latter approach has certainly been the most popular. However, it is worthwhile to conduct a comparative discussion. Again it is stressed that while the modified Thellier method incorporating pTRM checks is certainly the best palaeointensity method presently available, its results are not guaranteed to be accurate for the reasons given in Section 4.1. This is critically important because, by necessity, a high-quality data set has fewer data points and therefore more weight will be attached to any rogue points present within it. This problem is compounded in a small collection of palaeointensity estimates because of the inherent problem of secular variation. suggest the use of palaeomagnetic dipole moments to overcome this second problem. It is, of course, useful to know that the field is directionally averaged over 10 4 -10 5 yr. However, the time-averaged direction of the field is always at one of the two geographic poles and therefore has a definite mean position. Conversely, when the intensity is undergoing a long-timescale (>10 5 yr) transition between one mean value and another, it is unclear what period of time constitutes a sufficient average. Furthermore, the additional problem of potential aliasing exists for overselected data sets and, therefore, any statistical analysis of long-term trends within these sets may well miss features that are characteristic of the true GPFI variation.
The validity of the 'safety in numbers' approach hinges on the question of whether the record can be systematically biased by unreliable data. The relationship suggested in Fig. 10(b) is intuitively pleasing: many palaeointensity experiments fail to give an accurate result because of the generation of ferromagnetic material within the sample during heating that shallows the NRM-TRM plot and produces an underestimate. Such an alteration would most likely be observed through pTRM-check discrepancies but may escape notice in an experiment that did not employ these. However, no systematic reduction of the mean by non-T+ estimates was observed in three of the five segments of data. Additionally, it should be noted that this is not the only form of possible alteration during a palaeointensity experiment. Kosterov & Prévot (1997) show an example of alteration during a Thellier experiment where the NRM falls away dramatically at the start of the experiment, resulting in an overestimate of the palaeointensity. This type of alteration would also probably be noticed if pTRM checks were employed but may otherwise escape attention. A crude form of support for the 'safety in numbers' approach can therefore be that, given sufficient data and in spite of the increased scatter, the mean should not be dramatically changed and long-term trends can still be accurately depicted. Furthermore, in the absence of any other cause of long-term variation we must conclude that actual changes in GPFI are forcing any observed variation (i.e. why should the data, if sufficient in quantity, be any worse on average in one part of the record than any other?)
The extreme arguments of either approach can obviously be dangerous. In particular, the arguments for the 'safety in numbers' policy rely on the assumption that, if biasing effects by groups of data (e.g. samples from a single lava succession where all flows altered in the same way) are present, there is a sufficient number of such groups acting in an opposite sense to cancel one another out. This identifies another advantage of using the rock suite method of grouping data in assessing reliability. For instance, segment 10 comprises 83 group 2 estimates but only two RSs. The RS method indicates that substantial new data from different sources are required for this time period to ensure not only that overrepresentation of short-term GPFI behaviour is avoided, but also that the segment is not biased by erroneous measurements.
The group 2 data set comprises data that not only satisfy rigorous palaeomagnetic and age criteria but also demonstrate high self-consistency (Section 4.1). Furthermore, there is no conclusive evidence to suggest that the data in this set bias the record towards low (or high) GPFI values. With this mind, the group 2 data set was selected here as the most appropriate basis for developing our geodynamic model (Section 6). The level of confidence that we can place in the earlier portion of this record is uncertain because of both the quality of the individual estimates and their scarcity through time. However, they remain the most reliable data available so the results are presented, but with an appropriate note of caution.
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GPFI behaviour and its relationship with reversal frequency
Putting arguments concerning reliability to one side, it is worth discussing the consequences of the temporal variations in GPFI documented in the three data sets for our understanding of the geodynamo. Some numerical models of the geodynamo infer that GPFI is anticorrelated with reversal frequency (RF) (e.g. Glatzmaier et al. 1999) . Sarson (2000) proposed fluctuations in the meridional flow within the core as a kinematic process causing reversals. In this model, the meridional flow acts to stop the dynamo operating in its oscillatory αω mode. It was argued that when the GlatzmaierRoberts dynamo was subject to high polar heat flux as in Glatzmaier et al. (1999) and meridional flow (and hence poloidal field) was strong, the field was also less prone to reversals and excursions. If this mechanism were active in the geodynamo, the mean GPFI and the reversal frequency would be anticorrelated in the palaeomagnetic record. The notion of anticorrelated reversal frequency and GPFI was supported by the results of Thellier analyses on titanomagnetite inclusions in the Rajmahal Traps performed by . This produced the RS with a high dipole moment at 114.5 Ma that was mentioned earlier as having a great deal of influence on the group 2 and 3 records. It is clearly evident that, in the absence of this result, the group 3 data would show a very gradual and continuous increase in dipole moment (Fig. 4c) and that the configuration of the segment partitions in the group 2 data would be quite dramatically altered (Fig. 5b) . The CU estimates presented by were produced by applying the reliable T+ method to single plagioclase crystals to reduce the possibility of thermally induced alteration. The original nine CU estimates also constitute a palaeomagnetic dipole moment, although the four that pass the self-consistency criterion necessary to enter the group 2 and 3 data sets probably do not. In spite of the high quality of the data, this single RS cannot be sufficient to confirm anticorrelation.
In contrast to the results of , many other studies concerning palaeointensity data acquisition and analysis (e.g. Prévot & Perrin 1992; Thomas et al. 1997 Thomas et al. , 1998 Thomas et al. , 2000 Selkin & Tauxe 2000) have favoured a decoupling of processes controlling the mean GPFI and reversal frequency, but have not attempted to explain how this would be possible. One alternative to the kinematic process outlined by Sarson (2000) is that the geomagnetic field undergoes excursions and reversals when the geodynamo collapses into a weak-field state (Zhang & Gubbins 2000a; Zhang & Gubbins 2000b ). The reversal frequency would then most likely be controlled either by the susceptibility of the geodynamo to collapse or the average length of time the geodynamo spent in a weak-field state once it had collapsed. Both factors would dictate the likelihood of the field diffusing out of the inner core and hence the geomagnetic field adopting a different polarity once the strong-field state was reestablished. The extent to which these factors could be decoupled from the capacity of the geodynamo to generate poloidal field in its strong-field state is not currently known. Gubbins & Zhang (2000) have suggested that the process of polarity reversal may be controlled by lateral variations of heat flux within the CMB region. As discussed earlier, GPFI changes are more likely to be controlled by total heat flux across the CMB region. This presents an intuitive explanation for how GPFI and RF could be decoupled: GPFI responds to absolute changes in net heat flux away from the core while RF is more sensitive to relative changes in the spatial pattern of this heat flux.
Using the results of the present study, the RF-GPFI issue is best addressed by focusing on the period of time between the Middle Jurassic and 10 Ma when the timing of polarity intervals is well known. Two opposing interpretations of RF behaviour have been proposed for this period. McFadden & Merrill (1997) concluded that RF decreased continuously from ∼4.5 Myr −1 to zero in the period 160-118 Ma, where it remained until 83 Ma, and rose more gradually to ∼ 4.5 Myr −1 from 83 Ma to recent times. Gallet & Hulot (1997) , on the other hand, suggested that RF exhibited stationary behaviour between 160 and 130 Ma and from 25 Ma to the present, with a long period of non-stationarity between 130 and 25 Ma. McFadden & Merrill (2000) have demonstrated, statistically, that there is neither a requirement nor support in the data for discontinuities in the RF at 130 and 25 Ma, rendering the Gallet & Hulot (1997) interpretation untenable. It is noted, however, that the statistical analysis of Constable (2000) could not discount either interpretation.
When the segments derived for either group 1 or group 2 data are used as a description of mean GPFI behaviour, punctuated increases separated by periods of stasis are evident between the Middle Jurassic and Eocene (∼ 45 Ma). This is clearly unrelated to RF variation during this time (decrease followed by stasis, followed by an increase), suggesting that the two parameters are decoupled. The method of segmenting the GPFI record used here was selected so that the data themselves, rather than an arbitrarily imposed time factor, determine the location of the partitions. Some of the generated segments (particularly the crucial segment 3) are rather large, indicating that the present database can only provide reliable information on GPFI variations at a low resolution. Therefore, the method is invaluable in determining what we can tell concerning long-term GPFI variations (e.g. Fig. 7b) . Nevertheless, such a segmented record, containing divisions up to 63 Myr apart, will inevitably smooth out subtle changes in GPFI that may be important in ascertaining the existence and nature of a link with RF. With this in mind, group 2 data with ages less than 170 Myr were grouped into 10 Myr bins in order to improve the resolution in this period. As expected, the observed variation in the segment means is rather noisy (Fig. 11) and therefore only limited recognition of genuine GPFI variation is possible. However, when this plot is compared with one showing the number of polarity reversals in the same 10 Myr intervals (plotted using a reverse scale in Fig. 11 ) it is not possible to rule out an anticorrelation of RF and GPFI. There is obvious disagreement in the 80-90 Ma bin and minor disagreement elsewhere. However, the two highest values of mean GPFI correspond to segments containing a low number (<10) of polarity reversals and the three lowest segment means correspond to a high number (∼20) of reversals. Selkin & Tauxe (2000) discounted any relationship between RF and GPFI by showing that the distribution of their dipole moment data for times when RF was high (30-0.3 Ma) was indistinguishable from that when the RF was low (124-30 Ma). The same analysis was performed here using the group 2 data set. In this case, the distribution of data drawn from the period of low RF (Fig. 12 ) appears to have a secondary peak at higher values (8-11 × 10 22 A m 2 ) that is not present in the data distribution from the period of high RF. This indicates that GPFI may have behaved differently during periods of differing mean RF, having a frequent tendency to be high during periods of low RF. However, a simple anticorrelation is not the only explanation that could account for the distribution shown in Fig. 12 . Unfortunately, the paucity of absolute palaeointensity data precludes a more rigorous analysis at this stage. The record of GPFI is subject to significant, most likely, random fluctuations when viewed at a resolution sufficiently high to allow direct comparison with RF. Therefore, in conclusion, the density of reliable palaeointensity estimates is presently insufficient to confirm an anticorrelation of GPFI and RF. This highlights the need to supplement the Middle JurassicLate Tertiary period (particularly at times within the CNS, Fig. 14, below) with more high-quality palaeointensity data.
Elsewhere in the record, a major transition in GPFI behaviour occurs coincident with the PCRS (∼320-260 Ma) as seen in Fig. 7(b) . After increasing rapidly prior to the PCRS, GPFI appears to decrease during the superchron itself. A sharp rise in GPFI at the time of superchron onset, also suggested for the CNS, constitutes evidence for a common cause of major perturbations in the two geomagnetic parameters. However, the observation that GPFI underwent large changes during a time of constant, zero RF provides evidence for decoupling during the bulk of the superchron, suggesting that the stability in the processes controlling RF is not reflected in the processes controlling GPFI variation. The low density of rock suites covering the PCRS must, of course, be regarded as a limiting factor in this discussion. However, it is emphasized that, assuming a quasisymmetrical variation in RF between the superchrons, only slight modifications to the positions of the segment means in Fig. 7(b) would be needed to obtain a strong anticorrelation. It is also worth noting that a study of relative palaeointensity in Oligocene sediments (Tauxe & Hartl 1997) provides some support for anticorrelated GPFI and RF.
Figs 7(b), 11 and 12 give no support to the suggestion, made by Loper & McCartney (1986) , that the geodynamo becomes more erratic when in a vigorously convecting mode, leading to positive correlation of GPFI and RF. Therefore, the present palaeointensity database is sufficiently detailed to discount this theory and allow future studies to focus on the remaining possibilities: do superchrons represent high-power DC states of the geodynamo? Are RF and GPFI decoupled? Or, does a more complex relationship exist? The extent to which PSV changes during superchrons is an issue of current interest. A recent palaeomagnetic study of sediments in SE France suggested that PSV during the PCRS was similar to presentday variation (Kruiver et al. 2000) . The present global dipole moment record suggests that this was not the case for the CNS. Fig. 13 shows that for segment 3, in both group 1 and 2 data sets, the distributions of CU data from times within the CNS are clearly different from those for times outside the CNS. In particular, there is a virtual absence of low (<3 × 10 22 A m 2 ) estimates in the group 2 CNS data set and a reduced variance for both group 1 and 2 data for times within the CNS relative to times outside. The cumulative distribution functions for these data (Fig. 14) confirm these observations. However, caution should be exercised since the group 2 RS data, particularly within the CNS, are few and confined to the extremities of the superchron. Nevertheless, the results are intuitive because fluctuations in all geomagnetic parameters are expected to be reduced during long, stable periods of constant polarity. This idea recently 16:22 Geophysical Journal International gji1849 received some support from a detailed palaeomagnetic study of two sedimentary sequences spanning the period 85-89.5 Ma from central Italy (Cronin et al. 2001) . The two stratigraphically overlapping sequences, separated by a distance of 20 km, displayed good correlations in both directional and relative palaeointensity variation. Together they suggested that PSV expressed in both direction and intensity was reduced during this period relative to times when the geomagnetic field undergoes frequent polarity reversals. Unfortunately, before reduced PSV during the CNS can be confirmed by absolute palaeointensity measurements, the period must be supplemented with further RS data in order to dismiss the possibility of this observation being explained by rogue transitional data or overrepresentation of short spells of PSV. The trends in GPFI through time, identified in the group 2 data, are listed below in stratigraphic order and illustrated in Figs 4(b) and 7(b). The reliability of each can be assessed easily using the data given in Table 3 applied to the pertinent segment(s). Prior to 50 Ma, the broad features indicated by the group 1 data are almost identical to those given here.
Analysis of long-term variations in GPFI
(1) GPFI was low (<5 × 10 22 A m 2 ) during the Devonian and earliest Carboniferous.
(2) A sharp increase in GPFI occurred between 350 and 325 Ma, followed by a more gradual decrease from 325 Ma to at least around 250 Ma, but possibly the Early Jurassic (the scarcity of data prevents greater accuracy).
(3) GPFI was at a minimum (<3.5 × 10 22 A m 2 ) in the Middle Jurassic (∼170 Ma).
(4) The mean GPFI rose from the Middle Jurassic to the Eocene (∼170-50 Ma), with the suggestion (unconfirmed owing to data paucity) of a plateau from 120 to 60 Ma.
(5) Through the Eocene (50-40 Ma), GPFI fell to a mean value of ∼4.5 × 10 22 A m 2 , which was maintained until at least 10 Ma.
The final two points are based upon the segments derived from the ANOVA/regression analyses described earlier and consequently are rather sensitive to the age distribution of individual CU estimates. It is stressed that these features are not presented as a final description of mean GPFI during the period concerned. The dangers of overinterpretation of what is still, essentially, a limited data set are clear. Nevertheless, it does represent the best model for the current group 2 data set and will be useful in allowing future palaeointensity estimates to be compared with existing data from the same segments. The limited analysis that was performed on the group 3 data set indicated that it was subject to long-timescale changes. However, the data set is so sparse that the only real inference regarding the nature of this change is that mean GPFI appears to have an overall increasing trend throughout the entire period 300-10 Ma. Whilst opposing the conclusion of Selkin & Tauxe (2000) , this is not entirely consistent with the group 1 and 2 distributions, which suggest that GPFI was relatively high in the Early Permian decreasing towards the Permo-Triassic boundary. However, such comparisons are not very meaningful because there is a danger of PSV biasing and/or aliasing in the group 3 record. The present study (e.g. Figs 4-7; Tables 2 and 3) highlights the need for rigorous methodology in future palaeointensity studies. Work should concentrate on filling the well-defined gaps in the database, using suitable rock types and palaeointensity techniques to produce results that qualify for group 3 status. Undoubtedly the microwave Thellier technique, pioneered at Liverpool, will become increasingly important in palaeointensity work. This is particularly clear given the recent successes achieved on ancient lavas using this technique (e.g. Hill et al. 2002) . Targeted future studies will, hopefully, provide sufficient data to enable a similar form of segmentation on a group 3 data set to that used on groups 1 and 2 here.
R E L AT I O N S H I P B E T W E E N PA L A E O I N T E N S I T Y A N D G L O B A L G E O D Y N A M I C S
The generic model
The following chain of events is proposed to explain the generic link between GPFI variation and geodynamic evolution.
(1) Large-scale subduction of cool oceanic crust, resulting from intense plate tectonic activity at the Earth's surface, is followed by accumulation of subducted material at the 660 km thermal boundary layer (e.g. Honda et al. 1993) .
(2) The accumulated material eventually becomes gravitationally unstable, passes through the 660 km transition into the lower mantle and avalanches catastrophically down to the CMB region. Such destabilization events have been produced by numerical models of mantle convection (e.g. Tackley et al. 1993; Yuen et al. 1994; Davies 1995) where material descends rapidly through the lower mantle and spreads out to form a thick layer over the CMB where it can reside for a period in excess of 50 Myr (Yuen et al. 1994) . Temperature differences in excess of 1000 K exist, presenting favourable conditions for increased convection. The introduction of large quantities of cool material into the lower mantle will result in counter-flow of material moving up elsewhere, since the mantle is expected to be incompressible (Trompert & Hansen 1998) . This counter-flow is assumed to involve the whole of the lower mantle.
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Geophysical Journal International gji1849 408 A. J. Biggin and D. N. Thomas (3) The thermal signature of the descending material may not be transferred to the CMB for some considerable time. Ricard et al. (1993) estimate it takes 50 Myr for a descending slab to register a thermal effect at the CMB. However, the introduction of material into the lower mantle would enhance convection everywhere so that heat flux across the CMB would be increased almost instantaneously and would be proportional to the volume of material introduced. This process is termed forced or induced convection (e.g. Anderson 1998) .
(4) Consequently, heat flux out of the core increases, which in turn, causes the outer core to convect more vigorously, thereby increasing the total geomagnetic field intensity (Buffet et al. 1996; Buffet 2000) .
Testing the geodynamic model: correlations between GPFI variation and the evolution of Pangaea
The model in Section 6.1 suggests that palaeointensity variations (represented by GPFI) should be a directly measurable effect of geodynamic evolution via a defined chain of events. Supercontinents are transient surface expressions of geodynamic evolution, existing periodically throughout geological time (Yale & Carpenter 1998) . We propose that their evolutionary cycle can be documented by long-term trends in the palaeointensity record. According to our generic model, prolonged episodes of minimal subduction (when supercontinents were assembled) would be documented by periods of low palaeointensity. Conversely, increased subduction (supercontinents assembling or dispersing), would result in an increasing or high palaeointensity.
The statistical analysis of Section 4 demonstrates that GPFI varies on timescales of 10 7 -10 8 yr because of changing conditions in the lowermost mantle. Consequently, measurements of dipole moment must be treated collectively so that a time-averaged record of GPFI variation is obtained and the longer-timescale variation is isolated. The age range (400-10 Ma) covered by the GFPI record analysed in Section 4 provides an ideal opportunity to test our proposed model since it corresponds to a major part of the evolutionary cycle of the supercontinent Pangaea.
The basic pattern of mean GPFI variation (Fig. 7b) indicates that there are key stages in the evolution of the GPFI record since the Devonian. The following analysis attempts to provide a geodynamic interpretation for each stage, using the logic described in Section 6.1 and other geoscientific evidence. The Pangaea model, illustrated in Fig. 15 , is a first-order interpretation based on the long-term GPFI variations illustrated in Fig. 7(b) and further informed by the GPFI behaviour witnessed in the segment analysis (Figs 4 and 5) . Inevitably, it contains some ambiguities and these are discussed in Section 7.
Stage 1: low GPFI (Fig. 15a) Subduction of Iapetan crust was prevalent for approximately 50 Myr prior to the ca. 425 Ma collision of Baltica (moving rapidly at ∼10 cm yr −1 ) and Laurentia (stationary) (Eide & Torsvik 1996) . By 400 Ma, a considerable volume of subducted crust had collected at the 660 km transition. Throughout the period 400-350 Ma, the newly formed Baltica-Laurentia crust moved rapidly southwards and the European massifs and Gondwana moved northwards towards it. Subduction therefore continued, providing further source material for the cold reservoir accumulating at 660 km. We propose that the upper and lower mantle were convecting separately during this time because the accumulated material did not have sufficient gravitational instability to penetrate 660 km. Therefore, the lower mantle could only have lost heat by conduction through the 660 km boundary and would have become very warm (Davies 1998) resulting in low heat flux across the CMB and a consequently low GPFI (Fig. 15a) .
Stage 2: 350-250 Ma, rapid increase in GPFI, followed by a less-rapid decrease (Fig. 15b) The extremely sharp rise in GPFI evident in the period 350-325 Ma implies that heat flux across the CMB increased rapidly during this time. We propose that this resulted from large quantities of cool material being introduced into the lower mantle, via a catastrophic episode of avalanching when the accumulated material eventually became gravitationally unstable and overcame the resistance of the phase change boundary at 660 km. Such destabilization events have been produced by numerical models of mantle convection (e.g. Tackley et al. 1993) and may have, in this case, been triggered by slab delamination after continent-continent collision resulting from the continued accretion of Pangaea (Eide & Torsvik 1996) . During the period 325-250 Ma, GPFI decreased suggesting that the heat flux across the CMB also decreased. This presumably reflects a stage of restabilization subsequent to the avalanching event with the mantle becoming progressively warmer. We suggest two reasons for this warming. First, the majority (but not all) of Pangaea was likely to be in place by 320-300 Ma and therefore the bulk of subduction had ceased (e.g. Muttoni et al. 1996) reducing the availability of cold, relic lithospheric material for introduction into the lower mantle. Secondly, the insulating effect (e.g. Anderson 1982 ) of the supercontinent would have been a considerable factor in gradually increasing the (already high) ambient lower-mantle temperatures.
Stage 3: generally low GPFI (Fig. 15c) During this stage, the GPFI was generally low (Fig. 7b) , being characterized by part of the feature known as the Mesozoic dipole low (Prévot et al. 1990 ). The absence of significant GPFI variation reflects the low heat flow across the CMB and implies a period of relative geodynamic quiescence during the period when the supercontinent was assembled. The final amalgamation and initial rifting of Pangaea is believed to have almost overlapped, with a singularity (total supercontinent) thought to have occurred at 230 ± 5 Ma (Veevers 1989) . Initial rifting across Pangaea had already begun (Veevers 1989 ) though the first appearance of sea floor would not have occurred until stage 4, below. The insulating effect of the amalgamated supercontinent would therefore have been at its maximum during this stage, as witnessed by the position of the geoid high (Anderson 1982) suggesting that the mantle was at its hottest during these times, which is consistent with our model. The lack of subduction and subsequent avalanching allowed the upper and lower mantle to convect separately.
Stage 4: 175-10 Ma, gradual increase in GPFI, followed by a decrease (Fig. 15d) The early part of this period (175-120 Ma) was characterized by a very gradual, but definite, increase in GPFI. This is interpreted as reflecting the increase in CMB heat flux in response to a steady introduction of cold, subducted material into the lower mantle following the resumption of widespread subduction in the Middle Jurassic as the dispersal of Pangaea gathered momentum. The negative 16:22 Geophysical Journal International gji1849 buoyancy of the descending slabs would now be greater than in stage 1 because the upper mantle was hotter and therefore less viscous. Also, oceanic lithosphere had more time to cool at the surface than in stage 1 when higher plate velocities were observed (Eide & Torsvik 1996) . We propose that the resulting increased momentum of the subducted slabs during the initial stages of Pangaea dispersal would have allowed them to penetrate the 660 km transition more readily than the period prior to the formation of the supercontinent (stage 1). During the subsequent period, from 120 to ca. 10 Ma, tectonic evidence clearly shows that subduction was prevalent as Pangaea dispersal continued but, initially, (120-60 Ma) GPFI appears to show no evolution (segment 3). However, caution must be applied since this segment is heavily influenced by a single rock suite at its margin and characterized by a lack of data coverage in its bulk and, therefore it is possible that GPFI actually continued to rise throughout this time. The increase, followed by decrease in GPFI, either side of a peak at ∼50 Ma possibly documents a major avalanching episode associated with a significant tectonic event during the latter stages of Pangaea dispersal (see Section 7 for a discussion). The subsequent restabilization of the mantle appeared to continue until at least 10 Ma, after which GPFI began to increase toward its current value.
Analysis of long-term variations in GPFI
D I S C U S S I O N O F T H E G E O D Y N A M I C M O D E L
The model proposed and tested here to explain the observed GPFI variations since the Early Devonian is a first-order model adopting the view that subduction, rather than plume activity, is the dominant force in driving mantle convection (e.g. Anderson 1994 Anderson , 1998 Heller et al. 1996; Sheth 1999; Dalziel et al. 2000) . It relies on the assumption that GPFI is proportional to the total heat flux across the CMB. This is supported by the observation that the total geomagnetic field strength (poloidal + toroidal) is proportional to the vigour of outer core convection (Buffet 2000) , which is itself related to the total heat flux across the CMB (Buffet et al. 1996) . Loper & McCartney (1986) also note that cooling of the core powers the geodynamo. The model requires the following fundamental features, each of which has support from independent sources:
• the occurrence of catastrophic avalanching of material into, and through, the lower mantle;
• the subsequent counter-flow of material involving the entire mantle; and
• the ability of the mantle convection regime to change between being layered and whole.
The existence of seismically identified cold anomalies at the CMB below the Pacific rim are spatially correlated with Pacific subduction zones (Yuen et al. 1994; Wen & Anderson 1995; Lay et al. 1998) and have been interpreted as remnants of oceanic lithosphere subducted during the past 120 Myr. The detached appearance of these masses and their large temperature contrast with surrounding mantle material (>1000 K) suggest that their presence at the CMB is caused by catastrophic flushing or frequent avalanching following periods of lithosphere accumulation at the 660 km transition (Honda 16:22 Geophysical Journal International gji1849 410 A. J. Biggin and D. N. Thomas et al. 1993; Tackley et al. 1993; Yuen et al. 1994) . It is logical that a counter-flow should exist in response to the catastrophic introduction of a significant mass into the lower mantle, given that the mantle is expected to be incompressible. Furthermore, 3-D models of partially layered mantle have shown that slab penetration into the lower mantle is expected to result in some form of counter-flow (Tackley 2000) . The two avalanching events proposed in our model would require an associated counter-flow involving the entire mantle. Support for this comes from Tatsumi et al. (2000) who observed that hotspot activity was suspected to be widespread in the MidCarboniferous, suggesting that one or more large plumes formed as a counter-flow to an avalanching event. Larson & Kincaid (1996) also proposed counter-flow following slab penetration of the 660 km layer as a cause of the upward advection of the layer and subsequent plume activity later in geological time. Davies (1995) presented a numerical model indicating that layered mantle convection followed by catastrophic avalanching may have existed at ∼ 1 Ga when the Earth was warmer. It is proposed that a similar scenario was active during stage 1 of our model. Prévot et al. (2000) regard TPW stability to indicate the existence of layered mantle convection, whereas a TPW peak documents a period of avalanching, mantle reorganization and counter-flow in the form of plumes and is supportive of single-layer convection. This view is shared by Eide & Torsvik (1996) and independent evidence from Machatel & Weber (1991) and Brunet & Machatel (1998) .
The model proposed here does not specifically require lateral variations in CMB heat flux, which nonetheless, are thought to exist (e.g. Lay et al. 1998; Russell et al. 1998) . However, if GPFI was highly sensitive to lateral variations, then, as plate reorganizations occurred, it would be expected to vary substantially and frequently over shorter time periods than those evident in the present record.
The proposed model is certain to contain oversimplifications owing to the limitations of the data themselves and the subsequent statistical analysis. It is therefore not appropriate to overinterpret the features seen, although outlining potential implications is important in the context of constraining future work. One key example is in the period 120-60 Ma. This period is crucial in geomagnetic terms because it contains the CNS, and geodynamic terms because it contains one of the most intensive periods of plume-related basaltic activity in the geological record (e.g. Larson 1991 ). Significant plume activity, or any other form of mantle mass redistribution, would intuitively be expected to feature in the record of true polar wander. Courtillot & Besse (1987) regard the emission of plumes from a thickened CMB to be a controlling feature in determining TPW and RF variation. Besse & Courtillot (1991) concluded that TPW has been episodic since 200 Ma, with the main period of low TPW (between 180 and 110 Ma) being coincident with a decrease in reversal frequency into the CNS. A period of fast TPW, from 110 to 50 Ma correlates with increasing reversal frequencies. Prévot et al. (2000) have suggested that a TPW peak occurred at ∼110 Ma in response to a major avalanching and mantle reorganization event. They link the TPW high to the occurrence of plume hyperactivity at the surface. The existence of this '110 Ma event' is disputed by who regard it as an artefact of Atlantic hotspot motion. They argue that the method of TPW calculation used by Prévot et al. (2000) is invalid because the assumption that hotspots are stationary in a convecting mantle is not true, as demonstrated in independent studies (e.g. Steinberger & O'Connell 1998; Steinberger 2000; DiVenere & Kent 1999) . conclude that the position of Earth's spin axis has not altered by more than ∼5
• over the past 130 Myr and Tarduno & Smirnov (2002) find no palaeomagnetic data to support the dramatic rotation of the entire Earth required by the Prévot et al. (2000) model. Camps et al. (2002) modified the Prévot et al. (2000) TPW model to account for Atlantic plate motions with the result that the polar shift reduced to approximately 9
• from the originally suggested 18
• , presumably requiring a less dramatic mantle reorganization event. This revised model is entirely consistent with the North American palaeomagnetic data used by . Torsvik et al. (2001) also support the existence of a single TPW event since the Early Cretaceous. They regard it as the only feasible explanation for the large difference between the palaeomagnetic and hotspot reconstructions for the North Atlantic. However, they propose that this event occurred over the period 125-95 Ma, rather than instantaneously at ∼110 Ma as favoured by Prévot et al. (2000) . Using palaeomagnetic data from Pacific seamounts, Sager & Koppers (2000) also found evidence for a short-lived rapid TPW event in the Cretaceous (∼84 Ma) without the need for the 'static hotspot' assumption.
If a significant TPW event, resulting from mass redistribution in the mantle, did occur at ca. 110 Ma (Prévot et al. 2000) or between 125 and 95 Ma (Torsvik et al. 2001) our model predicts that it should be characterized by a peak in the GPFI record that would lag the redistribution event by several million years. The group 2 data set shows no such evidence, with the GPFI peak being observed between 60 and 40 Ma (Figs 4b and 7b) . However, evidence of a broad GPFI high is observed in the group 1 data set between 117 and 42 Ma, centred at ∼ 80 Ma (Fig. 7a) . This correlates closely with the period of fast TPW identified by Besse & Courtillot (1991) and also with the single TPW events proposed, independently, by Torsvik et al. (2001) , Prévot et al. (2000) and Sager & Koppers (2000) . The high mean GPFI for this segment of the GPFI record (Figs 4a and 14) is, ironically, heavily dependent on the high T+ RS result of . Unfortunately, data coverage in this time window is too sparse for the high GPFI suggested by this result to be confirmed as a true feature of GPFI rather than an extreme of PSV. This uncertainty precludes a confirmation of the link with TPW at this stage. This discussion has, again, identified an urgent need for additional GPFI data on the 120-60 Ma time window (Fig. 14) . Furthermore, it is important to note that the whole concept of measured TPW must be treated with caution since the premise that hotspots are stationary markers in the mantle is also based on the assumption that they are all plume-derived. While many scientists accept this, there are convincing arguments suggesting that LIPs are spatially controlled by existing lithospheric conditions and have upper-mantle origins (Anderson 1998; Sheth 1999; Smith & Lewis 1999) . If, as is claimed by these studies, hotspot trails are a product of progressive lithospheric fissuring, then the method of TPW calculation used by Prévot et al. (2000) is, indeed, invalid.
The proposed Palaeozoic avalanching event
An obvious ambiguity in our model lies in the timing of, and geodynamic explanation for, the transition from high to low mean GPFI during the Late Palaeozoic-Early Mesozoic and the temporal extent of the resulting GPFI low. The complete absence of data in the 245-201 Ma window means that it is not possible to confirm whether the GPFI decreased from 325 Ma to a low at ∼250 Ma or at ∼170 Ma. We have chosen, for the purposes of describing stage 2 of our model, to favour a more rapid decrease to low values at around 250 Ma. This choice was based, primarily, on the recognition that the so-called Mesozoic dipole low could have started at around 260 Ma (Perrin & Shcherbakov 1997) , coupled with the 16:22 Geophysical Journal International gji1849 tectonic evidence for Pangaea amalgamation (e.g. Eide & Torsvik 1996; Muttoni et al. 1996) . However, it is accepted that the GPFI decrease may well have been more gradual. Indeed, the notion of the Permo-Triassic singularity (230 ± 5 Ma) for Pangaea (Veevers 1989) tends to favour a model where our stage 3 is unnecessary and stage 2 would have lasted from 350 to 175 Ma. However, this interpretation would not require the existence of a temporally significant MDL, which is contrary to results of well-accepted palaeointensity studies (e.g. Prévot et al. 1990; Prévot & Perrin 1992; Perrin & Shcherbakov 1997) . Whichever interpretation is eventually favoured by addition of more data, the effect on the overall geodynamic model is negligible. Both options would support a catastrophic avalanching event during the amalgamation of Pangaea, followed by a period of mantle insulation and warming in advance of a period of resumed plate tectonic activity and subduction. Major avalanching events of this nature would undoubtedly be expected to result in counter-flow and it is likely that the effect of such counter-flow, possibly in the form of plumes, would be significant enough to be witnessed in the surface geological record. According to our model episodes of catastrophic avalanching, preceded by ponding at 660 km, are characterized by a rise-peak-fall sequence in the GPFI record. An avalanching event is likely to have an almost instantaneous effect on the heat flow across the CMB (via induced convection as described in Section 6.1) and hence the GPFI. By this reasoning, the actual avalanching event is likely to have occurred a short time before the sharp rise in GPFI. Therefore, the Palaeozoic avalanching event proposed here can be timed at ∼ 350 Ma. The geological record documents potential candidates for surface expressions of counter-flow to this event, such as the existence of greenstones accreted on to continental margins around the Pacific rim (Tatsumi et al. 2000) . These rocks are radiometrically dated between 350 and 300 Ma and are metamorphosed basalts with geochemical signatures characteristic of hotspot origins. Tatsumi et al. (2000) conclude that a large whole-mantle-scale upwelling, similar to that proposed by Larson (1991) for the Cretaceous, occurred beneath the present-day South Pacific between 350 and 300 Ma. They link the Carboniferous event to the onset of the PCRS, noting that the massive amount of energy released had major implications for the Earth system. Alternatively, the counter-flow to the 350 Ma avalanching event may be linked to the later massive outpouring of continental flood basalts associated with the Siberian traps LIP at ∼250-248 Ma and/or the Emeishan traps at 258 Ma. In this case, a significantly longer time period would have elapsed between the avalanching event and its surface signature, which is not entirely consistent with the timescales suggested in our model. The Siberian Traps are believed to result from a plume of deep mantle origin (Basu et al. 1995) . In our counter-flow explanation, mantle plumes derived from dissociation of D are not required in the formation of LIPs, though their existence is not in dispute. The dynamics of such rising plumes may well be affected by interaction with global-scale mantle flow, as suggested for the Icelandic plume by Torsvik et al. (2001) as a mechanism for dominating the overall tectonic evolution of the North Atlantic. Such global-scale flow could exist as the counter-flow to a major avalanching event.
seven supercontinents (including Pangaea) may have existed since 3 Ga. Broad features in a detailed palaeointensity record extending back to Archaean times would give a key indication of the existence and evolutionary cycles of these transient surface features. Clearly, the paucity of GPFI data prior to 400 Ma means that for such an analysis to take place, a considerable amount of additional palaeointensity work would be required. Furthermore, if palaeointensity is to be used in this geodynamic application, then GPFI measurements contributing to the enhancement of the PINT database must result from studies of geological products of the global geodynamic processes discussed in Section 6. Giant dyke swarms (GDS) provide one example of ideal material in this context. Yale & Carpenter (1998) conclude that GDS are derived directly from mantle sources following supercontinent assembly (Yale & Carpenter 1998) and are therefore products of geodynamic evolution. Their occurrence is widespread throughout the geological record since 3 Ga, they are well-dated (e.g. Ernst & Buchan 1997) and their preservation potential is high owing to the nature of their intrusion into the crust (Yale & Carpenter 1998) . They are also known to comprise palaeomagnetically stable material ideal for palaeointensity work and are often emplaced over time periods long enough to average out secular variation (Halls 1986; Halls & Zhang 1998) . Palaeointensity studies on this material, using conventional and microwave Thellier techniques to derive T+ estimates, would be invaluable in improving our understanding of the geodynamic evolution of our planet.
C O N C L U S I O N S
The extensive analysis and interpretation of the GPFI record, for the Early Devonian to the Miocene, undertaken in this study has yielded the following conclusions.
(1) GPFI varied on timescales of 10 7 -10 8 yr through the period 400-10 Ma, a finding that is not consistent with the conclusions of Selkin & Tauxe (2000) . The nature of this variation demonstrates that the lower limit in the range of dipole moment values remains far more constant than the upper limit and, consequently, the mean.
(2) The results produced by segmenting the record according to the dipole moment and age distribution of the data within it provide a very useful reference frame for targeting future palaeointensity studies aimed at addressing current uncertainties in our interpretation.
(3) The 'rock suite' method of grouping data can be used to indicate potential biasing in the record resulting from either overrepresentation of PSV or systematic non-ideal behaviour exhibited by a batch of samples.
(4) Currently, the best estimate of the long-term variation itself since the Devonian is provided by the segmented group 2 data (Fig. 7b) . However, certain parts of the record (those with the highest numbers of CU, ratios of RS/CU and proportions of T+ data) are inevitably more reliable than others. The reliability of the record will be enhanced by adding high-quality palaeointensity estimates where the data coverage is sparse.
(5) No conclusive evidence was obtained to confirm that palaeointensity estimates not derived using the Thellier method with pTRM checks (T+) can systematically bias the dipole moment record. In fact, the distributions of dipole moment in the three data sets used in this study were shown to be startlingly similar, despite having huge disparities in their quantity, age distribution and perceived reliability. This, in itself, suggests that offsets owing to unreliable data in the well-represented parts of the record are likely to be random and cancel one another out.
(6) The filtered absolute palaeointensity record is currently too sparse (particularly in the CNS) to judge, unequivocally, whether mean GPFI and RF are anticorrelated, though a time window analysis tentatively suggests that this may indeed be the case. Nevertheless, it is clear that there is no positive correlation between these parameters.
(7) Long-term variations in GPFI result from a chain of geodynamic processes, beginning with plate reorganizations at the Earth's surface and culminating with changes in the pattern of convection in the outer core. Changes in GPFI are effected almost instantaneously following the catastrophic introduction of cold material into the lower mantle and the resulting increase in convection.
(8) The evolution of GPFI since the Early Devonian can be interpreted in the context of major events in the evolutionary cycle of the supercontinent Pangaea. The four-stage model developed here, featuring two proposed avalanching and mantle reorganization events separated by a period of mantle insulation, is entirely consistent with the observed GPFI variation and is supported by independent lines of evidence from tectonic and seismological studies. The model has ambiguities that will only be fully addressed by the addition of highquality palaeointensity data in key time periods where data coverage is currently sparse.
(9) An enhanced long-term GPFI record will play a key future role in improving our understanding of the complex relationship between the Earth's core, mantle and crust and its evolution throughout Earth history. Currently, few interpretations are unequivocal owing to key periods of data paucity.
(10) Rigorous palaeointensity studies, targeted particularly at the Archaean-Mid-Palaeozoic age range and the 120-60 Ma time window, should significantly enhance the database and offer the potential to address Earth's early geodynamic evolution and inform the important question of the link between TPW, mantle reorganizations and geomagnetic variation during the Cretaceous. These represent major challenges for future palaeointensity work.
